Telomerase synthesizes telomeric DNA repeats onto chromosome termini from an intrinsic RNA template. The processive synthesis of DNA repeats relies on a unique, yet poorly understood, mechanism whereby the telomerase RNA template translocates and realigns with the DNA primer after synthesizing each repeat. Here, we provide evidence that binding of the realigned RNA/DNA hybrid by the active site is an essential step for template translocation. Employing a template-free human telomerase system, we demonstrate that the telomerase active site directly binds to RNA/DNA hybrid substrates for DNA polymerization. In telomerase processivity mutants, the template-translocation efficiency correlates with the affinity for the RNA/DNA hybrid substrate. Furthermore, the active site is unoccupied during template translocation as a 5 bp extrinsic RNA/DNA hybrid effectively reduces the processivity of the template-containing telomerase. This suggests that strand separation and template realignment occur outside the active site, preceding the binding of realigned hybrid to the active site. Our results provide new insights into the ancient RNA/DNA hybrid binding ability of telomerase and its role in template translocation.
Introduction
Telomerase is a unique reverse transcriptase (RT) essential for de novo synthesis of telomeric DNA repeats onto chromosomal termini to counter progressive telomere shortening resulting from incomplete end replication (Zakian, 2009) . The renewal capacity of highly proliferative cells, such as germline and stem cells, relies on telomere length maintenance by telomerase to offset cellular and organismal aging. A number of inherited human diseases, including dyskeratosis congenita, aplastic anaemia and idiopathic pulmonary fibrosis, are linked to telomerase gene mutations which result in telomere-mediated stem cell defects (Armanios, 2009) . While undetectable in human somatic cells, telomerase is upregulated in most cancer cells and viewed as a promising therapeutic drug target (Shay and Keith, 2008) . Thus, understanding the mechanism of telomerase is essential for developing therapies for cancer and telomere-mediated diseases as well as discerning cellular aging.
Telomerase functions as a ribonucleoprotein (RNP) enzyme, requiring two essential core components, the integral telomerase RNA (TR) and the telomerase reverse transcriptase (TERT) protein (Collins, 2008) . The TERT protein contains the catalytic site for DNA polymerization and the TR provides a short template specifying the synthesized DNA sequence. The synthesis of a telomeric repeat requires the 3 0 -end of the DNA primer to base pair with the RNA template to form an RNA/ DNA hybrid positioned within the active site. DNA polymerization then proceeds by reverse transcribing the RNA template to synthesize one telomeric repeat (GGTTAG in vertebrates) onto the 3 0 -end of the DNA primer. Outside the catalytic site, telomerase contains elements within both the TERT and TR necessary for RNP biogenesis and activity regulation (Autexier and Lue, 2006; Wyatt et al, 2010) .
Within most species, the TERT protein is composed of four structural domains: the telomerase-essential N-terminal (TEN) domain, the telomerase RNA binding domain (TRBD), the RT domain and the C-terminal extension (CTE) domain. The central RT domain contains seven motifs (1, 2, A, B, C, D and E) that constitute the catalytic site and are evolutionarily conserved among all known RTs (Nakamura et al, 1997) . The remaining three domains contain binding sites for single-stranded telomeric DNA and TR (Bryan et al, 2000; Peng et al, 2001; Moriarty et al, 2002; Huard et al, 2003; Jacobs et al, 2006) . A recent crystal structure of the Tribolium castaneum TERT protein reveals that the TRBD, RT and CTE domains fold into a ring structure with a central cavity bound to an RNA/DNA hybrid (Gillis et al, 2008; Mitchell et al, 2010; Wyatt et al, 2010) .
While the TERT protein is well conserved across eukaryotes, the TR component is divergent in size, sequence and secondary structure among distinct evolutionary lineages. The vertebrate TR folds into three structural domains: the template-pseudoknot, the CR4/5 and the H/ACA domains (Chen et al, 2000) . The 3 0 H/ACA domain is essential in vivo for biogenesis, while dispensable in vitro for telomerase activity (Collins, 2008) . In contrast, the template-pseudoknot and CR4/5 domains are necessary for reconstituting telomerase activity in vitro and independently bind to the TERT protein (Tesmer et al, 1999; Mitchell and Collins, 2000) . The template-pseudoknot domain positions the template proximal to the active site and contains a conserved pseudoknot structure with a triple helix crucial for telomerase function (Theimer et al, 2005; Qiao and Cech, 2008) . The CR4/5 domain contains a conserved three-way helical junction that is also essential for telomerase activity (Chen et al, 2002) .
A unique biochemical attribute of vertebrate and ciliate telomerase is repeat-addition processivity, whereby hundreds of DNA repeats can be synthesized onto a given DNA primer without complete dissociation from the enzyme (Lue, 2004) . Telomerase processivity relies on a 'template translocation' mechanism to regenerate the RNA template after each repeat synthesized. Template translocation is defined as the separation of the RNA template from the DNA product, translocation and realignment with the DNA strand to regenerate the 5 0 -region of the RNA template for additional repeat synthesis. The template-translocation efficiency determines the repeataddition processivity. In contrast, the template translocation rate limits the repeat-addition rate as indicated by the strong pause following each repeat synthesis, which produces the characteristic 6-base ladder banding pattern of telomerase extension products (Morin, 1989; Greider, 1991) . Many factors affecting processivity have been identified within the TERT, TR and accessory proteins. Within the human TERT (hTERT) protein, mutations in several conserved domains and motifs, such as TEN, motif 3, IFD (Insertion in Fingers Domain) and CTE, affect telomerase repeat-addition processivity (Xie et al, 2010) . TEN functions as an anchor site which binds upstream single-stranded telomeric DNA, while motif 3, IFD and CTE are proposed to form a molecular clamp facilitating the formation and/or binding of the RNA/DNA hybrid during template translocation (Xie et al, 2010) . In the TR, the template length determines repeat-addition processivity by affecting the template realignment efficiency (Chen and Greider, 2003) . Accessory proteins such as the POT1-TPP1 complex in human and the Teb1-TASC complex in Tetrahymena dramatically increase repeat-addition processivity by concurrently binding the telomerase enzyme and the DNA products to delay complete dissociation (Wang et al, 2007; Latrick and Cech, 2010; Min and Collins, 2010; Zaug et al, 2010) . Nonetheless, the detailed mechanism of telomerase template translocation remains enigmatic.
In this study, we provide data supporting the binding of the realigned RNA/DNA hybrid to the TERT active site as the final step in template translocation, which determines repeataddition processivity. Our template-free human telomerase system demonstrates that the active site of telomerase binds directly to the RNA/DNA hybrid to catalyse RNA-dependent DNA synthesis. Furthermore, the affinity of telomerase processivity mutants for RNA/DNA hybrid substrates correlates with template-translocation efficiency. Lastly, we demonstrate that the active site of telomerase is accessible during template translocation, suggesting the realignment of the RNA template and the DNA primer occurs outside the active site. These results together provide important insights into the molecular mechanism of telomerase action.
Results
Template-free telomerase utilizes RNA/DNA hybrid as substrate The mechanism for the TERT active site binding telomeric DNA and template RNA during a processive reaction is currently poorly understood. After each repeat synthesized, an uncharacterized mechanism regenerates the template by separating and translocating the RNA template from the extended DNA product and realigning the RNA with the DNA. Under standard conditions, telomerase utilizes singlestranded telomeric DNA as substrate, while conventional RTs utilize RNA/DNA hybrids as substrates. The conservation of essential motifs in the catalytic domain of both TERT and conventional RTs prompted us to examine the TERT active site for utilizing RNA/DNA hybrid substrates. Therefore, we designed and reconstituted a template-free human telomerase, in which the human TR (hTR) harbours a 5 0 -truncation (D1-63 nt), removing the template sequence. A similar template-free system was previously reported using Tetrahymena telomerase devoid of the template from the integral TR (Miller and Collins, 2002) .
The template-free human telomerase was reconstituted in vitro in rabbit reticulocyte lysates (RRLs) using in vitro synthesized hTERT protein and two human TR fragments: the truncated pseudoknot PK-2 (hTR64-184) and CR4/5 (hTR239-328) ( Figure 1A ). As a control, a template-containing telomerase was also reconstituted using the longer pseudoknot PK-1 (hTR32-195) and CR4/5 (hTR239-328). As expected, the template-free telomerase did not extend a single-stranded telomeric DNA primer, while the template-containing telomerase added telomeric repeats processively (Supplementary Figure S1) .
The reconstituted telomerases were assayed for activity with an RNA/DNA hybrid substrate composed of a 7 bp hetero-duplex with a 2-nt 5 0 RNA overhang as template ( Figure 1B) . Remarkably, the template-free human telomerase recognized the RNA/DNA hybrid as substrate and added an a-32 P deoxyguanosine to the 3 0 -hydroxyl of the DNA primer to generate an 8-nt product ( Figure 1B, lane 9) . In the presence of dGTP and dTTP, both residues from the RNA overhang served as template to generate a 9-nt DNA product ( Figure 1B, lane 10) . Furthermore, an array of template sequences and lengths was tested to confirm that the number and identity of nucleotides synthesized onto the DNA primer were specified by the RNA template (Supplementary Figure S2) . Thus, the template-free telomerase extended the DNA primer within the RNA/DNA hybrid in a templatedependent manner. In addition, the template-free telomerase catalysed the extension of only the RNA/DNA hybrid substrate. Single-stranded DNA or RNA oligo alone failed to produce similar activity ( Figure 1B, lanes 11 and 12) . Moreover, at temperatures above the melting temperature of 40.71C for the duplex substrate, the template-free telomerase exhibited no activity (Supplementary Figure S3A and B) . In contrast, the template-containing telomerase was catalytically active with the single-stranded DNA substrate at temperatures exceeding 501C (Supplementary Figure S3C) . This further supports that the template-free telomerase reacts specifically with the substrate as a hybrid. Nonetheless, the template-free telomerase exhibited a near-background level of terminal transferase activity in the presence of 20 mM DNA primer ( Figure 1B, compare lanes 1 and 12) . This is consistent with the previous report of the TERT protein acting as an RNA-independent terminal transferase under specific conditions (Lue et al, 2005) .
While recognizing the RNA/DNA hybrid substrate like a conventional RT, the template-free human telomerase functioned as an RNP enzyme, requiring both the pseudoknot and CR4/5 RNA fragments for full activity ( Figure 1B , compare lanes 3 and 9). In the native template-containing telomerase, the pseudoknot domain is essential for positioning the template within the TERT active site. In the case of template-free telomerase, a low level of activity was detected from the enzyme lacking the PK-2 RNA, suggesting the pseudoknot domain is not absolutely necessary for telomerase catalysis ( Figure 1B , lanes 5 and 6). One major function of the pseudoknot domain is to position the template to the active site. Within a template-free system, the active site binds directly to the RNA/DNA hybrid substrate, eliminating the need for the pseudoknot. This is further supported by the recent report that deletion of the TEN domain, which binds the pseudoknot domain, still allows synthesis of a single DNA repeat (Robart and Collins, 2011) .
The template-containing telomerase reconstituted from the PK-1 (hTR32-195) RNA fragment also reacted with the RNA/ A C B Figure 1 Template-free human telomerase extends RNA/DNA hybrid substrates. (A) Secondary structures of hTR pseudoknot fragments used for telomerase in vitro reconstitution. The RNA fragment PK-1 consists of hTR residues 32-195 which includes the template sequence. The RNA fragment PK-2 consists of hTR residues 64-184 which lacks both the template sequence and helix P1. (B) In vitro reconstituted template-free human telomerase extends an RNA/DNA hybrid substrate. Telomerase was reconstituted in RRL from the recombinant N-FLAG-hTERT protein, hTR pseudoknot (PK-1 or PK-2) and CR4/5 RNA (hTR 239-328) as indicated. Reconstituted telomerase was assayed for nucleotide-addition activity with 20 mM of RNA/DNA hybrid (7 bp duplex and 2 nt RNA 5 0 -overhang), or single-stranded RNA (5 0 -ACGACCGAU-3 0 ) and DNA (5 0 -ATCGGTC-3 0 ) oligonucleotides. The unpaired overhang (5 0 -AC) at the 5 0 -end of the RNA strand in the substrate served as the template for addition of a-32 P-dG and dT residues to the 3 0 -end of the DNA strand. The presence or absence of dTTP distinguished template-dependent nucleotide addition from terminal transferase activity. (Adjusted) A longer exposure of lanes 3-8 from the same gel. A DNA size marker (M 1 ) was generated by labelling the 3 0 -end of the DNA oligonucleotide (5 0 -ATCGGTC-3 0 ) with a-32 P-dG using terminal deoxynucleotidyl transferase. A loading control (l.c.) was included in each reaction to ensure equal sample recovery. (C) Template-free human telomerase reconstituted in 293FT cells extends both non-telomeric and telomeric RNA/DNA hybrid substrates. 293FT cells were transiently transfected with either N-FLAG-hTERT or N-FLAG hTERT-D868N (D/N) genes in combination with the truncated hTR D1-63 gene to reconstitute template-free telomerase as labelled above the gel. Template-free telomerase activity assay was performed using immuno-purified FLAG-tagged telomerase complexes with either the non-telomeric (DNA: 5 0 -ATCGGTC-3 0 ) or telomeric (DNA: 5 0 -GGTTAGG-3 0 ) hybrid substrates. The DNA size marker (M 2 ) was generated by labelling the DNA oligonucleotide (5 0 -GGTTAGG-3 0 ) with a-32 P-dG residues using terminal deoxynucleotidyl transferase. Northern blot was performed to detect the presence of hTRD1-63 in the immuno-purified telomerase complex. One nanogram of T7 transcribed hTR (451 nt) and hTRD1-63 (388 nt) were included as size markers. Western blot was performed to detect the N-FLAG-hTERT and N-FLAGhTERT-D868N (D/N) recombinant proteins in the immuno-purified telomerase complex.
DNA hybrid substrate generating weak activity ( Figure 1B , lanes 13 and 14). This activity was independent of the intrinsic RNA template, since the non-telomeric DNA primer was non-complementary and unable to base pair with the intrinsic RNA ( Figure 1B , compare lanes 13 and 16). This suggests the active site in the template-containing telomerase was accessible to bind the RNA/DNA hybrid.
In addition to the in vitro reconstituted enzyme, we assayed the in vivo reconstituted template-free telomerase for activity with RNA/DNA hybrid substrates. We reconstituted the template-free telomerase by ectopic overexpression of N-terminal FLAG-tagged hTERT protein and 5 0 -truncated (D1-63) hTR in 293FT cells. Ectopic overexpression was verified by western and northern blotting ( Figure 1C , lower panel, compare lanes 1 and 3). The in vivo reconstituted template-free telomerase extended DNA primers within both telomeric and non-telomeric RNA/DNA hybrid substrates, while the telomeric substrates produced a higher level of activity ( Figure 1C , lanes 3, 4, 14 and 15). As a control, a telomerase reconstituted from a catalytically inactive TERT mutant (D868N) failed to show any RT activity ( Figure 1C , lanes 7-9 and 18-20).
RNA/DNA hybrid substrate binding affinity correlates with repeat-addition processivity and templatetranslocation efficiency
At the end of a template translocation cycle, the realigned RNA/ DNA hybrid must reposition within the active site for nucleotide addition. We propose that the binding affinity of the RNA/DNA hybrid to the active site directly affects the template-translocation efficiency and determines repeat-addition processivity. Thus, a lower affinity for the hybrid substrate is expected to result in lower template-translocation efficiency. This hypothesis was tested by generating template-free versions of telomerase mutants known to have altered repeat-addition processivity and measuring their activity with the RNA/DNA hybrid substrate. These TERT mutations examined are located in three distinct structural domains: the TEN domain (N95A), motif 3 in the RT domain (N666A, R669A, L681A and D684A) and IFD (790-793VVIE/4A), and the CTE domain (L980A) ( Figure 2A ). All these mutations decreased repeat-addition processivity, except D684A which increased processivity (Supplementary Figure S4 ; Xie et al, 2010) . The low-processivity TERT mutants (N666A, L681A, 790-793VVIE/4A and L980A) failed to extend the RNA/DNA hybrid substrate ( Figure 2B , lanes 5, 9, 13 and 15), while the increased processivity mutant D684A retained wild-type level activity ( Figure 2B , lanes 11 and 12). The TEN domain N95A mutation did not significantly alter the activity with the hybrid substrate ( Figure 2B , lanes 3 and 4). This was expected, as the TEN domain mutation N95A has been shown to affect processivity by reducing single-stranded DNA binding and increasing the rate of complete product-dissociation from the enzyme (Wyatt et al, 2007) . However, the strong activity from the low-processivity motif-3 R669A mutant was not predicted ( Figure 2B , lanes 7 and 8). The activity of template-free telomerase utilizing RNA/DNA hybrid substrate is affected by hTERT processivity mutations. Telomerase mutants were reconstituted in vitro from recombinant N-FLAG hTERT protein, hTR PK-2 and CR4/5 RNA fragments. Mutant enzymes were assayed in the presence or absence of dTTP with the telomeric RNA/DNA hybrid substrate (RNA-5 0 -ACCCUAACC-3 0 /DNA-5 0 -GGTTAGG-3 0 ). The hTERT proteins labelled with 35 S-methionine were analysed by SDS-PAGE to quantify the levels of TERT. The DNA size marker (M 2 ) was prepared as described in Figure 1C . (C) Apparent K m values and turnover rates of template-free processivity mutants (N95A, R669A and D684A) with the RNA/DNA hybrid substrate. Three independent experiments were performed to give rise to a mean value±standard deviation for the K m App values.
The effects of these mutations on substrate affinity were examined by measuring the Michaelis constant (K m ) for the RNA/DNA hybrid substrate in the template-free system. The decreased processivity mutant R669A had a K m app value of 141 mM, which was considerably higher than the 58 mM for the wild-type enzyme. In contrast, the highprocessivity D684A mutant exhibited a decreased K m app of 29.6 mM ( Figure 2C ). Thus, the K m inversely correlates with processivity. However, the K m also includes the rate at which the enzyme-bound substrate is converted to free product. Under the general assumption that this rate is limiting, K m approximates the substrate binding affinity (Northrop, 1998) . These results show a strong correlation between repeat-addition processivity and K m for the duplex substrate.
To further investigate the unexpected higher overall activity of the R669A mutant, we measured the relative enzyme turnover rates of the mutants with a time-course assay. The R669A mutant had a 50% higher rate than the wild-type enzyme, and the D684A mutant had a decreased enzyme turnover rate ( Figure 2C ). These data suggest that the higher overall activity of the R669A mutant resulted from faster enzyme turnover.
Repeat-addition processivity is determined by the efficiency of template translocation. We thus investigated the translocation efficiency of mutants with different duplex binding affinities. The efficiency was measured by a singletranslocation assay, whereby only a single template translocation event can occur and the reaction pauses from the absence of dTTP during nucleotide addition of the second repeat (Latrick and Cech, 2010) . Telomerase enzymes containing the TERT mutations were reconstituted in vitro and incubated with the 20 nt telomeric DNA primer 5 0 -TT(AGGGTT) 3 -3 0 prior to initiating the primer extension reaction ( Figure 3A) . Additionally, a 10-fold excess of an unextendable DNA competitor, 5 0 -(TTAGGG) 3 -3 0 -amine, was added to the reaction to minimize enzyme turnover. The expected 22-nucleotide ( þ 2 nt) product prior to a template translocation was seen at the 2-min time point ( Figure 3B , lane 1). After translocation, two more residues were added to generate the 24-nucleotide ( þ 4 nt) product ( Figure 3B , lanes 2-4). The faint 23-nucleotide ( þ 3 nt) product was unrelated to template translocation, but likely produced from telomerase terminal transferase activity. In support of this, the hTR55G mutation that reduces template-translocation efficiency did not alter the intensity of the þ 3-nt band (Supplementary Figure S5) . We calculated the translocation efficiency of each TERT mutant by measuring the ratio of post-translocation products ( þ 4 nt) over the total products ( þ 2 and þ 4 nt) at the final time point. Prolonged reaction time courses (60, 90 and 120 min) ensured the maximum translocation efficiency was reached.
The mutants with low RNA/DNA hybrid substrate affinity had low translocation efficiency ( Figure 3B and C). The only exception was the N95A mutant, which was defective outside the active site and retained normal substrate affinity to the RNA/DNA hybrid. The increased processivity mutant D684A had high substrate binding affinity to the RNA/DNA hybrid and high translocation efficiency. The K m to the duplex substrate strongly correlated with the repeat-addition processivity and template translocation efficiency of the mutants ( Figure 3D ), suggesting the binding of RNA/DNA hybrid to the active site is a key determinant of template-translocation efficiency.
Duplex length affects enzyme turnover and nucleotideaddition processivity, while K m is unchanged
In human telomerase, successful template translocation results in a 5 bp realigned RNA/DNA hybrid positioned inside the active site for the next repeat synthesis. The additional base pairs synthesized onto the hybrid during nucleotide addition could potentially (1) extend the hybrid to 10 bp or (2) induce base-pair dissociation at the other end to maintain a constant hybrid length. To distinguish between these two possibilities, we assayed in vitro reconstituted template-free telomerase with RNA/DNA hybrid substrates from 5 to 10 bp in length. The low melting temperatures (17-191C) of the short 5 and 6 bp hybrids required assaying at 41C to prevent denaturing the RNA/DNA hybrid substrate ( Figure 4A , right panel; Supplementary Figure S6) . Interestingly, the shorter 5 and 6 bp hybrid substrates resulted in significantly higher overall activity compared with the longer hybrids ( Figure 4A , lanes 2-5). The higher activity could result from either higher substrate affinity or higher enzyme turnover. We measured both the K m and enzyme turnover rate for the 5, 7 and 9 bp hybrid substrates. The turnover rate of the 5-bp substrate was 25-fold higher than the longer 9 bp substrate, while maintaining a similar K m app between 20 and 30 mM ( Figure 4A , right panel). The higher enzyme turnover rate suggests that the shorter 5 bp duplex is a more efficient substrate for the template-free telomerase.
The duplex length also affected nucleotide-addition processivity. A 5-bp hybrid substrate can only be extended by a single nucleotide regardless of the template length or sequence ( Figure 4A , lanes 2 and 3; Supplementary Figure S7 , lanes 4-6). In contrast, a 6 bp hybrid substrate can be extended 2 nt ( Figure 4A, lanes 3 and 4) . We suspect the longer duplex might transiently generate a single-stranded DNA or RNA overhang at the duplex end distal the active site. The potential effects of overhangs in the RNA/DNA hybrid substrates on nucleotide-addition processivity were assayed with substrates containing a 5 bp hybrid and either a 3 0 RNA or 5 0 DNA overhang ( Figure 4C ). The duplex substrates with 5 0 DNA overhangs were extended by the addition of two nucleotides in the presence of dTTP, while the substrate with the 3 0 RNA overhangs failed to extend beyond a single nucleotide ( Figure 4B, lanes 4, 6, 8 and 10 ). This suggests that a putative TERT active site proximal anchor site binds the 5 0 DNA overhang on the 5-bp RNA/DNA hybrid to facilitate nucleotide-addition processivity. In addition, the K m app of the 5-bp substrates with the 2-nt 5 0 DNA overhang is B5 mM, substantially lower than the 15 mM for the substrate with a single nucleotide DNA overhang ( Figure 4C) . Thus, the presence of a DNA residue at the À7 position is important for binding affinity of the 5-bp RNA/DNA hybrid to the active site ( Figure 4D ).
Active site of telomerase is accessible during template translocation
Since the active site binding the RNA/DNA hybrid is crucial for template-translocation efficiency, we expect the realignment of the RNA template and DNA primer to occur outside the active site, leaving the active site temporarily unoccupied. The accessibility of the active site during processive repeat addition was assayed by a 'pulse and chase/challenge', in which a short RNA/DNA hybrid was added in the chase reaction to compete against the intrinsic, realigned RNA/ DNA hybrid for the active site. A telomeric 18-mer DNA primer (TTAGGG) 3 was first extended by in vivo reconstituted, template-containing telomerase in a 15-min 'pulse' reaction containing a-32 P-dGTP, dATP and dTTP. The pulsed reaction was then chased and challenged with 600-fold non-radioactive dGTP and 200 mM of excess 5 or 7 bp RNA/ DNA hybrid. The pulse and chase/challenge reactions were performed at 41C to prevent denaturation of the short duplexes.
Our results indicate the 5 bp RNA/DNA hybrid competes effectively for the active site, reducing repeat-addition processivity of the enzyme during the chase/challenge reaction ( Figure 5, compare lanes 2 and 4) . In contrast, the longer 7 bp duplex failed to inhibit repeat-addition processivity ( Figure 5 , compare lanes 2 and 8), suggesting the active site has a limited accessibility for only the short duplex during template translocation. In the control reactions, the RNA oligonucleotide alone also slightly decreased repeat-addition processivity ( P-dGTP, telomerase adds two residues (dA and a-32 P-dG) to the DNA primer, resulting in a þ 2 nt product. After template translocation, telomerase adds two additional dG residues, generating a þ 4-nt product. The reaction pauses from the lack of dTTP. (B) Singletranslocation time-course assays of telomerase processivity mutants. Immuno-purified, in vitro reconstituted telomerase mutants containing TERT processivity mutations (N95A, N666A, R669A, L681A, D684A, 790-793VVIE/4A and L980A) were analysed to determine the translocation efficiencies. Enzymes were incubated with the DNA primer 5 0 -TT(AGGGTT) 3 -3 0 prior to the time-course assay (2, 60, 90 and 120 min). The major bands for pre-translocation ( þ 2 nt) and post-translocation ( þ 4 nt) products are indicated. (C) Translocation efficiency of telomerase processivity mutants. The translocation efficiencies of the wild-type and mutant telomerases were determined by dividing the intensity of post-translocation bands ( þ 4 nt) by the intensity of all bands ( þ 2 and þ 4 nt) from the reaction at the 120-min time point shown in Figure 3B . (D) Correlation between the K m for the duplex substrate, relative translocation efficiency and repeat-addition processivity of the hTERT mutants. The relative translocation efficiencies were plotted against the relative repeat-addition processivity. The K m app values of the wild-type, R669A and D684A mutants for duplex substrate are labelled. and 7-8) or the RNA oligonucleotides ( Figure 5 , lanes 5 and 9) was also observed. These activities were not derived from telomerase, as they were also observed with catalytically inactive telomerases (Supplementary Figure S8) . Thus, the active site of telomerase during template translocation is at least transiently unoccupied and accessible to binding a 5 bp RNA/DNA hybrid.
Discussion
Telomerase has the unique ability to add multiple DNA repeats processively by iterative use of its short intrinsic RNA template. Repeat-addition processivity requires a special template-translocation mechanism involving strand separation of the RNA/DNA hybrid, physical movement of the RNA template relative to the DNA strand, reannealing of the RNA template to the DNA strand and finally repositioning of the hybrid within the TERT active site. In this study, by using our template-free human telomerase enzymes and RNA/DNA hybrid substrates, we demonstrate the active site of telomerase intrinsically binds the RNA/DNA hybrid (Figures 1 and 4) . The correlation between the K m of the RNA/DNA hybrid substrate and the repeat-addition processivity suggests binding of the realigned RNA/DNA hybrid to the active site is critical for template-translocation efficiency (Figures 2 and 3) . Furthermore, our 'pulse and chase/challenge' assay of in vivo reconstituted, template-containing telomerase revealed the active site is unoccupied during template translocation (Figure 5 ), indicating the template RNA and primer DNA realign outside the active site. Collectively, our results provide important insights into the molecular mechanism of telomerase template translocation.
Length of RNA/DNA hybrid during nucleotide addition
In human telomerase, a 5 bp RNA/DNA hybrid is formed upon completion of template translocation, and ready for nucleotide addition ( Figure 6A ). Chemical modification probing of the RNA template in yeast telomerase indicates the number of base pairs in the RNA/DNA hybrid remains constant during successive nucleotide addition (Forstemann and Lingner, 2005) . Thus, the formation of each new base pair from nucleotide addition is accompanied by disruption of a previous base pair at the opposite end of the RNA/DNA hybrid. Within human telomerase, the conservation of this mechanism would result in the RNA/DNA hybrid remaining at 5 bp during nucleotide addition. From our data, shortening the RNA/DNA hybrid length to 5 bp significantly increases the enzyme turnover rate in the template-free telomerase system ( Figure 4A ). This suggests that the 5 bp duplex is a better substrate than the longer duplexes. Furthermore, the recent crystal structures of the Tribolium TERT show a central cavity that accommodates a short 5 bp duplex through physical protein-nucleic acid contacts (Mitchell et al, 2010) .
Telomerase, like other conventional RTs, is capable of processive nucleotide addition onto a DNA primer, requiring physical movement of the RNA/DNA hybrid away from the active site following the addition of each nucleotide. A single unpaired DNA residue 5 0 to the RNA/DNA hybrid is necessary and sufficient to facilitate duplex translocation with template-free telomerase and allow processive nucleotide addition ( Figure 4B , lane 4). In contrast, an RNA overhang 3 0 to the hybrid has no effect on duplex translocation ( Figure 4B, lane 5 ). This suggests a protein-DNA interaction, whereby TERT binding to the unpaired residue on the DNA strand is required for duplex translocation. Previously, a DNA-binding anchor site on the TERT protein proximal to the active site has been proposed (Wyatt et al, 2007; Finger and Bryan, 2008) . In addition to promoting nucleotide-addition processivity, the interaction between the proximal anchor site and the single-strand DNA could actively maintain a constant 5 bp RNA/DNA hybrid by breaking a single base pair in the duplex when a new base pair is formed. Such a mechanism would also explain how telomerase is capable of adding multiple repeats onto a short primer that, when base paired with the template, lacks any single-stranded overhang (Xie et al, 2010) .
A working model of telomerase template translocation
Based on new insights from this study, we hereby propose a working model for the mechanism of telomerase template translocation ( Figure 6 ). In our model, template translocation begins with duplex dissociation from the active site, followed by strand separation of the duplex, realignment of the template and primer, and finally binding of the realigned RNA/ DNA hybrid by the active site. Below we detail the initial and final steps of this proposed mechanism.
The first step of template translocation. Template translocation requires RNA/DNA strand separation. It has, however, been unclear whether this occurs inside or outside the active site. In our model, duplex dissociation occurs outside the active site because it requires a relatively minor conformational change of the active site. Within the Tribolium TERT structure, only a minor difference in the diameter of the central cavity was observed when bound to an RNA/DNA hybrid (Mitchell et al, 2010) . Strand separation within the active site would require substantial conformational changes in the TERT protein to unpair the duplex. Additionally, the hyperactive R669A mutant that exhibited increased repeat addition rate showed a higher enzyme turnover rate within our template-free system ( Figure 2C ). This suggests duplex dissociation is the rate-limiting step for template translocation. Furthermore, our 'pulse and chase/challenge' assay with the template-containing telomerase revealed the active site is transiently unoccupied during template translocation and capable of binding a 5 bp duplex ( Figure 5, lane 4) . Interestingly, the 7 bp duplex did not alter telomerase processivity ( Figure 5, lane 8) , suggesting the active site can only accommodate a shorter 5 bp duplex during template translocation.
Another attractive feature of having RNA/DNA strand separation occur outside the active site is that it does not require exogenous energy. Inside the active site, proteinnucleic acid interactions would presumably have to be disrupted to achieve strand separation. However, outside the active site, a 5-6 bp duplex would spontaneously dissociate very quickly. The off rate (k off ) of the 6 bp RNA/DNA hybrid (CUAACC/GGTTAG), approximated using the nearest neighbour thermodynamic parameters, is near 3 ms À1 at 371C, which is equivalent to a half-life (T 1/2 ) of 0.2 ms (Sugimoto et al, 1995; Turner, 2000) . Figure 5 A 5-bp RNA/DNA hybrid competitor inhibits repeat-addition processivity. Native template-containing telomerase reconstituted in 293FT cells was used in the pulse-chase/challenge assay. Two RNA/DNA duplexes (5 and 7 bp) were used as competitors to challenge the processive telomerase during the 90-min chase reaction at 41C. The pulse reaction was carried out in the presence of a-32 P-dGTP for 15 min to radioactively label the telomeric DNA primer (TTAGGG) 3 . The chase reaction was initiated by adding nonradioactive dGTP to 100 mM to eliminate products generated by recycling enzymes during the chase reaction. In addition, 200 mM of 5 or 7 bp RNA/DNA duplex competitors was added simultaneously in the chase reactions as indicated. Sequences and structures of the duplex competitors and telomeric single-stranded DNA primer are shown. A chase-only control (Ctrl) demonstrates the extended products of the telomeric DNA primer were only from the pulse reaction. Open triangle: non-specific products labelled from the RNA/DNA duplex (see Supplementary Figure S8 ). Filled triangle: non-specific products labelled from the RNA oligonucleotide (see Supplementary Figure S8 ). DNA size markers were generated by 3 0 -end labelling of the 5 and 7-base DNA oligonucleotide (M 5 : TAGGG and M 7 : GTTAGGG) using a-32 P-dGTP and terminal deoxynucleotidyl transferase.
Duplex binding to the active site is the final step in template translocation. Following the realignment of the RNA template and DNA primer, the resulting 5 bp hybrid is predicted to be relatively unstable with a low melting temperature ( Figure 4A ). Binding to the active site through proteinnucleic acid interactions would stabilize the hybrid and enhance template-translocation efficiency. In the templatefree telomerase, there is a strong correlation between repeataddition processivity and substrate binding affinity for the RNA/DNA hybrid. The hyper-processive D684A mutant has a low K m app value of 29.6 mM, while the hypo-processive R669A mutant has a high K m app value of 141.3 mM ( Figure 2C ; Supplementary Figure S4) . This is further supported by the previous data that show a correlation between repeataddition processivity and the K m of motif 3 mutants for short 8 nt primers (Xie et al, 2010 ). In our model, these short primers will base pair with the template RNA outside the active site, independent of upstream DNA binding, and be positioned at the active site as an RNA/DNA hybrid. This explains why affinities to the short primer and the RNA/DNA hybrid correlate with telomerase repeat-addition processivity. However, the binding affinity of the 5 bp RNA/DNA hybrid to the template-free telomerase is relatively low, with a K m app around 30 mM ( Figure 4A ). This is not surprising since the native telomerase binds telomeric DNA primer primarily through the TEN domain and the RNA template is tethered to the integral TR.
The efficiency of template translocation is enhanced by promoting RNA/DNA hybrid binding to the active site ( Figure 6D, step 4) , or by delaying complete dissociation of the DNA product from the enzyme ( Figure 6D , step 5). The TEN domain binds the 5 0 -region of the single-stranded telomeric DNA (Jacobs et al, 2006) and functions as an anchor site, preventing product release during translocation while not affecting duplex binding. Accessory proteins POT1 and TPP1 form a complex that reduces the dissociation rate of the DNA product from the enzyme (Latrick and Cech, 2010) . As expected, the presence of the POT1-TPP1 complex did not affect the substrate binding affinity of the active site to the RNA/DNA hybrid within the template-free telomerase system (Supplementary Figure S9) .
TERT and conventional RTs are evolutionarily related, descending from a common ancestor (Nakamura and Cech, 1998; Curcio and Belfort, 2007) . While of RNA/DNA hybrids are the substrate of conventional RTs, the native substrate of telomerase is single-stranded telomeric DNA. However, the telomerase active site has retained the ability to bind RNA/ DNA hybrids for efficient template translocation. In this study, we provide evidence that active site binding of RNA/DNA hybrid directly affects template-translocation efficiency, and thus processivity. Future elucidation of the rates of individual steps during template translocation will improve our understanding of the molecular mechanism of telomerase action. Prior to repeat synthesis, the hTR alignment region (green) base pairs with the 3 0 -end of the telomeric primer DNA (blue) to form a 5 bp RNA/DNA hybrid within the active site. The RNA template is constrained by flanking sequences bound to the TERT protein, while the 5 0 region of the telomeric DNA is bound to the TEN domain. The TERT protein catalyses polymerization of six deoxyribonucleotides to the 3 0 -end of the DNA primer by reverse transcribing the hTR template sequence (orange) (step 1). (B) After nucleotide addition, a new repeat (red) is generated, while the RNA/DNA hybrid length remains constant at the initial 5 bp. Upon reaching the end of the template, the RNA/DNA duplex dissociates from the active site (step 2). (C) Outside the active site, the RNA/DNA duplex undergoes strand separation (step 3a), and the DNA reanneals to either the alignment or the template regions. If the DNA reanneals to the template region, the result is non-productive, requiring further strand separation and a new attempt at reannealing. If the DNA reanneals to the alignment region (step 3b), the RNA template is regenerated. Both strand separation and realignment are presumably reversible, as indicated by the doubleheaded arrows. (D) The realigned RNA/DNA hybrid is then recaptured by binding to the active site (step 4) for further nucleotide addition. Unsuccessful reannealing of the DNA primer to the RNA template results in complete dissociation of the product from the enzyme (step 5).
Materials and methods

Oligonucleotides
DNA duplexes were prepared by adding the RNA and complementary DNA oligos at a final concentration of 100 mM in 1 Â annealing buffer (100 mM Tris-HCl pH 7.5, 500 mM NaCl and 50 mM EDTA). Duplex formation was facilitated by incubation at 701C for 3 min, followed by slowly cooling to room temperature. Single-stranded RNA and DNA oligo controls were prepared the same way. The melting temperature (T m ) of the duplex was determined by measuring the OD 260 of the duplex in solution with temperature decreasing from 70 to 01C at À11C/min using a Cary 300 UV-Vis spectrophotometer (Varian Tech.) with a multicell holder and a temperature controller. The OD 260 of the duplex was measured under the activity assay condition with 20 mM DNA/RNA duplex in 1 Â telomerase reaction buffer (50 mM Tris-HCl pH 8.3, 50 mM KCl, 2 mM DTT, 3 mM MgCl 2 , 1 mM spermidine) and 0.2 Â annealing buffer. The T m values of the duplexes were determined by fitting data points to a sigmoidal curve (variable slope) using Prism (Graphpad Software Inc.).
Plasmid construction and mutagenesis
N-terminal FLAG-tagged hTERT protein was expressed in vivo from pcDNA-FLAG-hTERT, constructed by inserting the FLAG tag sequence into the pcDNA-hTERT vector (a kind gift from Dr Joachim Lingner). Catalytically inactive hTERT mutation D868N was introduced into pcDNA-FLAG-hTERT vector by site-directed mutagenesis using overlapping-extension PCR (Wu et al, 2005) , generating pcDNA-FLAG-hTERT-D868N. The hTERT mutant plasmids for in vitro expression were constructed as previously described (Xie et al, 2010) . The pBS-U1-hTRD1-63 for in vivo expression of the truncated, template-free hTRD1-63 was derived from pBS-U1-hTR (a gift from Dr Joachim Lingner) using overlapping PCR followed by subcloning.
Reconstitution of telomerase
Reconstitution of human telomerase in vitro was carried out in RRL as previously described (Xie et al, 2010) . Briefly, hTERT was expressed from pN-FLAG-hTERT using the TnT s T7 Quick coupled transcription/translation kit (Promega) according to the manufacturer's instruction. The hTR fragments, PK-1 (nt 32-195), PK-2 (nt 64-184) and CR4/5 (nt 239-328), were transcribed in vitro, gel purified and added at a final concentration of 1 mM to assemble with hTERT in RRL. For quantification, hTERT was synthesized in the presence of 35 S-Methionine (41000 Ci/mmol, 10.2 mCi/ml, Perkin-Elmer) and analysed by SDS-PAGE.
Reconstitution of human telomerase in vivo was carried out in 293FT cells using the overexpression system developed by Cristofari and Lingner (2006) with minor modifications. 293FT cells (Invitrogen) were grown in DMEM medium supplemented with 10% FBS, 1 Â Penicillin-Streptomycin-Amphotericin mix (Lonza) and 5% CO 2 at 371C. Prior to transfection, cells were seeded at 3-5 Â10 5 cells/well in a six-well plate and grown overnight. At 80-90% confluency, cells were transfected using 8 ml of Fugene HD transfection reagent (Roche) and 2 mg of plasmid DNA. The plasmid DNA mixture contained 0.4 mg of pcDNA-FLAG-hTERT and 1.6 mg of pBS-U1-hTR or pBS-U1-hTRD1-63, the ratio for maximum yield of active telomerase complex (Cristofari et al, 2007) . After 48 h, transfected cells were harvested and homogenized in lysis buffer (10 mM Tris-HCl pH 7.5, 400 mM NaCl, 1 mM EGTA, 0.5% CHAPS, 1 mM MgCl 2 , 10% glycerol, 5 mM b-mercaptoethanol, 1 Â complete protease inhibitor cocktail (Roche)).
Immuno-purification of telomerase
Telomerase reconstituted in vitro and in vivo was immuno-purified by the N-terminal FLAG tag of the recombinant hTERT protein using monoclonal anti-FLAG antibody (M2) coated agarose beads (SigmaAldrich). Fifty microliters of reconstituted telomerase was mixed in a siliconized tube with 15 ml of pre-washed beads in TBS buffer (50 mM Tris-HCl pH 7.4 and 150 mM NaCl), and incubated at 41C with gentle agitation for 2 h. The beads were then washed three times with 500 ml of TBS buffer and once with 1 Â telomerase reaction buffer. The washed beads were either used directly for telomerase activity assay or resuspended in 1 Â SDS-PAGE loading buffer (see below) for western blotting.
Western blotting
Immuno-purified telomerase complex was heated to 951C for 5 min in 1 Â SDS-PAGE loading buffer (0.125 M Tris-HCl pH 6.8, 2% SDS, 10% glycerol, 5% 2-mercaptoethanol and 0.0025% bromophenol blue), resolved on a 6% SDS-PAGE gel, and electrotransferred onto a PVDF membrane. The membrane was blocked in 5% non-fat milk/1 Â TTBS (20 mM Tris-HCl, pH 7.5, 150 mM NaCl and 0.05% Tween-20) overnight at 41C, followed by incubation with anti-hTERT goat polyclonal antibody L-20 (Santa Cruz Biotechnology) in 5% non-fat milk/1 Â TTBS for 1 h at room temperature. The membrane was washed three times with 1 Â TTBS, then incubated with the HRP-conjugated anti-goat secondary antibody (Santa Cruz Biotechnology) in 5% non-fat milk/1 Â TTBS for 1 h at room temperature. The membrane was washed three times with 1 Â TTBS, then developed using the Immobilon Western Chemiluminescent HRP substrate (Millipore) following the manufacturer's instructions, and imaged using a Gel Logic440 system (Kodak).
Northern blotting
RNA was extracted from immuno-purified in vivo reconstituted telomerase complex by phenol/chloroform extraction and then ethanol precipitated. The extracted RNA was resolved on a 4% polyacrylamide/8 M urea denaturing gel, electrotransferred and UV crosslinked to a Hybond-XL membrane (GE Healthcare). Preparation of the hTR-specific riboprobe and hybridization of the blot were carried out as previously described (Xie et al, 2010) .
Conventional telomerase activity assay
Telomerase activity assay was carried out as previously described with minor modifications (Xie et al, 2010) . In brief, 2-3 ml of in vitro reconstituted telomerase was assayed in a 10-ml reaction containing 1 Â telomerase reaction buffer, 1 mM dTTP, 1 mM dATP, 2 mM dGTP, 0.165 mM a-32 P-dGTP (3000 Ci/mmol, 10 mCi/ml, PerkinElmer) and 1 mM (TTAGGG) 3 DNA primer. The reaction was incubated at 301C for 60 min and terminated by phenol/chloroform extraction followed by ethanol precipitation. The product was analysed on a 10% polyacrylamide/8 M urea denaturing gel, and the dried gel was analysed using a Bio-Rad FX-Pro phosphorimager.
Template-free telomerase activity assay
The template-free telomerase assay was carried out under a condition similar to the conventional telomerase assay, amended with 20 mM RNA/DNA hybrid as the substrate. The reaction typically contained 0.165 mM a-32 P-dGTP (3000 Ci/mmol, 10 mCi/ ml, Perkin-Elmer) and 100 mM dTTP if included. The reaction was incubated for 60 min at 41C or room temperature depending on the T m of the duplex. The extended products were resolved on an 18% polyacrylamide/8 M urea denaturing gel. For duplex-substrate K m measurement, the reactions were incubated at 41C for 30 min with substrate concentrations varying from 0 to 125 mM. For enzyme turnover rate measurement, template-free telomerase was incubated with 20 mM duplex substrate at room temperature for 10 min followed by 41C for 20 min to ensure saturated enzyme-substrate binding. Equal volume of 0.33 mM a-32 P-dGTP in 1 Â reaction buffer was pre-chilled on ice and added to initiate nucleotide addition. Reactions were terminated at specific time points by phenol/ chloroform extraction followed by ethanol precipitation. The products were analysed by 18% PAGE. Relative turnover rates were determined by the slope of the plotted data points.
Single-translocation assay
Immuno-purified telomerase reconstituted in vitro from N-FLAGhTERT, hTR32-195 (pseudoknot PK-1) and hTR 239-328 (CR4/5) was incubated with 0.2 mM telomeric DNA primer 5 0 -TT (AGGGTT) 3 -3 0 in 1 Â low-Mg 2 þ telomerase reaction buffer (50 mM Tris-HCl pH 8.3, 50 mM KCl, 2 mM DTT, 1 mM MgCl 2 and 1 mM spermidine) at room temperature for 10 min and then on ice for 1 min. The single-translocation reaction was initiated by adding 20 ml of incubated enzyme-primer mixture and 20 ml of prechilled nucleotide mixture containing 2 mM dATP, 4 mM dGTP, 0.66 mM a-32 P-dGTP (3000 Ci/mmol, 10 mCi/ml, Perkin-Elmer) and 2 mM competitive DNA primer 5 0 -(TTAGGG) 3 -3 0 -amine in 1 Â lowMg 2 þ telomerase reaction buffer. Reaction was carried out on ice to slow down enzyme kinetics. Reactions were terminated at specific time points (2, 60, 90 and 120 min) by phenol/chloroform extraction, followed by ethanol precipitation. The products were analysed by PAGE.
Pulse and chase/challenge time-course assay A 2.5 ml enzyme-primer binding reaction containing 1 ml of in vivo reconstituted native template-containing telomerase and 1 mM DNA primer (TTAGGG) 3 in 1 Â telomerase reaction buffer was incubated at room temperature for 10 min followed by 41C for 20 min. The pulse reaction was initiated by adding 2.9 ml of prechilled nucleotide mix containing 2 mM dTTP, 2 mM dATP, 4 mM dGTP, 0.33 mM a-32 P-dGTP (3000 Ci/mmol, 10 mCi/ml, PerkinElmer) in 1 Â telomerase reaction buffer. The pulsed reaction was incubated at 41C for 15 min followed by a chase reaction at 41C for 90 min. The chase reaction was initiated by adding 4.6 ml of dGTP and competitor mixture. At a final volume of 10 ml, the chase reaction mixture contains 100 mM of non-radioactive dGTP and 200 mM of competitor (5 or 7 bp RNA/DNA duplex or singlestranded oligos). The reaction was terminated by phenol/chloroform extraction, followed by ethanol precipitation and PAGE analysis.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
